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ABSTRACT

Pseudogenes, especially those that are transcribed,
may not be mere genomic fossils, but their biolo-
gical significance remains unclear. Postulating that
in the human genome, as in animal models, pseudo-
genes may function as gene regulators through gen-
eration of endo-siRNAs (esiRNAs), antisense RNAs
or RNA decoys, we performed bioinformatic and
subsequent experimental tests to explore esiRNA-
mediated mechanisms of pseudogene involvement
in oncogenesis. A genome-wide survey revealed a
partial retrotranscript pseudogene YvPPM1K con-
taining inverted repeats capable of folding into
hairpin structures that can be processed into two
esiRNAs; these esiRNAs potentially target many
cellular genes, including NEK8. In 41 paired
surgical specimens, we found significantly reduced
expression of two predicted yPPM1K-specific
esiRNAs, and the cognate gene PPM1K, in hep-
atocellular carcinoma compared with matched
non-tumour tissues, whereas the expression of
target gene NEK8 was increased in tumours.
Additionally, NEK8 and PPM1K were downregulated
in stably transfected PPM1K-overexpressing

cells, but not in cells transfected with an esiRNA1-
deletion mutant of vPPM1K. Furthermore, expres-
sion of NEK8 in yPPM1K-transfected cells
demonstrated that NEK8 can counteract the
growth inhibitory effects of yPPM1K. These
findings indicate that a transcribed pseudogene
can exert tumour-suppressor activity independent
of its parental gene by generation of esiRNAs that
regulate human cell growth.

INTRODUCTION

Pseudogenes are usually considered to be non-functional
copies of protein-coding genes, yet they probably outnum-
ber functional genes in the human genome (1). There are
two major classes of pseudogene: one represents processed
forms that contain poly-A tails, lack introns and arise
through retrotransposition, whereas the other comprises
non-processed pseudogenes resulting from gene duplica-
tion, which retain exon/intron structure, although occa-
sionally incompletely (2). In apparent contradiction of
the assumption that pseudogenes are genomic fossils,
genome-wide investigations have recently provided
evidence for actively transcribed pseudogenes (TPGs)
with potential functional implications (3-10). For
instance, the ¥ NOS transcript acts as a natural antisense
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regulator of neuronal NOS protein synthesis in snails
(11,12), and in mice, reduced expression of ymakorinl-pl
because of a transgene insertion caused mRINA instability
of its parental gene Mkrnl, resulting in polycystic kidneys
and bone deformity (10,13), although contradictory
results were also reported (14). Additionally, a transcript
of wWPTEN/PTENPI, a highly homologous processed
TPG of tumour-suppressor gene PTEN, not only inter-
acts with its cognate sequence but also exerts a growth-
suppressor role as a decoy by binding to PTEN-targeting
miRNAs (15). These findings clearly imply that TPGs may
play active regulatory roles in cellular functions.

RNA interference (RNAI) is a natural cellular process
that defends cells against viruses and transposons, and it
also regulates gene expression in a sequence-specific
manner (16). Three RNAi pathways can be distinguished
on the basis of the biogenesis and functional roles of the
classes of small RNA involved, two of which are siRNA,
resulting from processing of dsSRNA, and miRNA, which
derive from shRNA, respectively (17,18). The third
category is piRNA: these are ssRNA sequences that
interact with piwi protein and seem to be involved in tran-
scriptional gene silencing of retrotransposons and other
genetic elements in germ line cells (19). By binding to
mRNAs and thereby repressing protein synthesis,
miRNAs may regulate cellular development, oncogenesis
and apoptosis (20,21). In mice and fruit flies, dSRNAs
arising from the antisense/sense transcripts of processed
TPGs and their cognates, or hairpin structures resulting
from inversion and duplication, are cut by Dicer into 21-
nt siRNA that can bind RISC and regulate the expression
of the parental gene (17,22-26). In humans, however, the
mechanism of generation of such siRNAs remains unclear.
Accordingly, the specific aim of this study is the verification
of our hypothesis that transcribed pseudogenes in humans
can be processed into endogenous siRNAs (endo-siRINAs
or esiRNAs) to regulate protein-coding genes.

Hepatocellular carcinoma (HCC) is one of the most
common human cancers worldwide, particularly in Asia
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and Africa (27). In Taiwan, HCC is the leading cause of
cancer deaths, with ~8000 new cases diagnosed and 7000
deaths occurring annually (27). Therefore, we are inter-
ested in exploring the relationship between TPGs and
HCC. The present study incorporated both bioinformatic
and experimental approaches to screen >20000 human
pseudogenes, and we found in silico 448 TPGs that
might regulate protein-coding genes through derivation
of esiRNAs. In particular, we focus on YPPMIK, a
partial retrotranscript from PPMIK (protein phosphat-
ase, Mg>"/Mn?" dependent, 1K). This TPG contains
distinct sequences with inverted repeats capable of
folding into a hairpin structure for processing into two
esiRNAs that may target many cellular genes. To our
knowledge, this is the first investigation of an
esiRNA-mediated role of human pseudogenes in HCC.

MATERIALS AND METHODS
Data generation

In total, >20000 human pseudogenes and their cognate
genes were obtained from the Ensembl database (Ensembl
63, GRCH37) using BioMart (http://www.ensembl.org/
index.html). Functional small RNAs (fsRNAs) with
sequence length between 18 and 40 nt were collected
from the Functional RNA Database (fRNAdb) (28),
which hosts a large collection of known/predicted
non-coding RNA sequences from public databases:
H-invDB v5.0 (10), FANTOM3 (29), miRBase 17.0 (30),
NONCODE v1.0 (31), Rfam v8.1 (32), RNAdb v2.0 (33)
and snoRNA-LBME-db rel. 3 (34). Genomic sequences
were collected from UCSC hgl9 (http://hgdownload.cse.
ucsc.edu/downloads.html).

Bioinformatics methods for identifying pseudogene-derived
esiRINA-target interactions

Figure 1 depicts the workflow for identifying
pseudogene-derived esiRNA-target interactions (eSTIs).
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Figure 1. Workflow for identification of pseudogene-derived esiRNA-target interactions. Using a systematic computational procedure of homolo-
gous sequence alignment between a collection of transcribed pseudogenes and known functional sSRNAs, we identified pseudogene-derived esiRNAs
and verified these by reference to available Illumina-Solexa reads, and subsequently by reference to regulated protein-coding target genes (see

‘Materials and Methods’ section).
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After collection of pseudogenes, protein-coding genes and
fsSRNAs and the pseudogene-specific esiRNAs were
examined by aligning the pseudogenes with fsRNAs,
excluding alignments with parental genes. Candidate
pseudogene-specific esiRNAs were validated by reference
to publicly available deep sequencing data from various
sRNA libraries. Additionally, eSTIs were analysed by
three target prediction tools and verified with gene expres-
sion profiles. Detailed procedures are described later in the
text.

Identification of pseudogene-derived esiRNAs

To predict candidate pseudogene-derived esiRNAs,
we aligned the sequences of pseudogenes and fsRNAs,
excluding parental gene alignments. Deep sequencing
data of sRNA libraries derived from human embryo
stem cells or HCC/liver tissues were used to verify
these candidates (35-37). Then, the extended sequences
of these candidate esiRNAs were used to predict hair-
pin structure by Mfold (38). Details of publicly avail-
able deep sequencing data are shown in Supplementary
Table S1.

Identification of eSTIs

Based on experimentally supported data sets, Sethupathy
et al. (27) and Baek et al. (30) have shown that the inter-
section of miRNA target prediction tools can yield
improved specificity with only a marginal decrease in sen-
sitivity relative to any individual algorithm. We modified
our previous approach (39) for identifying pseudogene-
derived esiRNA targets. Briefly, three previously
developed computational approaches, TargetScan
(40-42), miRanda (43) and RNAhybrid (44), were used
to identify esiRNA target sites within the conserved
regions of the 3’-UTR of genes in 12 metazoan genomes.
The minimum free energy (MFE) threshold was —20 kcal/
mol with score >150 for miRanda; default parameters
were used for TargetScan and RNAhybrid. The three
criteria for identifying targets were (i) potential target
sites must be predicted by at least two tools; (ii) hits
with multiple target sites are prioritized; and (iii) target
sites must be located in accessible regions. Finally, three
gene expression profiles were obtained from NCBI GEO
(45) to verify those eSTIs with pseudogene expression
higher than their target genes. Gene expression profiles
included GDS596 (46), GSE5364 (47) and GSE6222
(48); detailed experimental conditions are described in
Supplementary Table S1. The Pearson correlation coeffi-
cient was computed for pseudogenes and their target
genes.

Prediction of miRINA—target interactions

Potential miRNA-target interactions (MTI) with pseudo-
genes and parental genes were investigated as described
previously (39). Sequences of miRNAs were obtained
from miRBase R18 (30).

GO and KEGG enrichment analyses

The function of target genes was examined by performing
GO and KEGG pathway enrichment annotation (49)
using the DAVID gene annotation scheme (50).

Samples

Resected primary HCC and nearby non-cancerous tissue
samples (n = 41) were obtained from 41 patients at the
Changhua Christian Hospital. The tumour tissues were
composed of 90-100% tumour cells and were frozen
immediately after surgical resection, then stored in liquid
nitrogen until extraction of either RNA or DNA. All
studies were approved by the Institutional Review Board
of Changhua Christian Hospital.

Cell culture

Human hepatoma Huh-7 and HepG2 cells were grown
using standard procedures for all experiments. Cells were
maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% FBS, 2mM glutamine and anti-
biotics (100 U/ml of penicillin and 100 pg/ml of strepto-
mycin) at 37°C in a humidified atmosphere of 5% CO,
incubator.

RNA isolation, reverse transcription and real-time
quantitative polymerase chain reaction analysis

RNA isolation from specimens or cultured cells and re-
verse transcription were performed as described (51,52).
Reverse-transcriptase  quantitative polymerase chain
reaction (RT—qPCR) analysis of PPMIK and ywPPMIK
in HepG2 and Huh-7 cells, and of PPMIK, NEKS,
TBRGI and BMPR2 in Yy PPMIK-expressing Huh-7/
HepG2 stable cell lines, was performed using SYBR
Green with the ABI 7500 Real-Time PCR System
(Applied Biosystems). RT-qPCR of precursor esiRNAI
(24-144nt), precursor esiRNA2 (170-273nt), PPMIK
and NEKS in paired HCC tumour and non-tumour
tissues was performed using a LightCycle 480 (Roche,
Mannheim, Germany) with a primer/probe system. The
specific primer/probe sets are shown in Supplementary
Table S2. All RNA expression levels were normalized to
GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
RNA with the AACt method according to Liu et al. (53).
RT-PCR of mature esiRNAI levels in Huh-7 stable cell
lines was performed using a TagMan MicroRNA Assay
designed for esiRNAI1 according to the manufacturer’s
instructions (Applied Biosystems) following isolation of
small RNA with the mirVana miRNA Isolation Kit. U6
small nuclear RNA was used as an internal control.

Northern blot of pseudogene-derived esiRNAs

Northern blotting was performed according to a previous
study (54) with minor modifications. Briefly, 10 pg of total
RNA from human hepatoma cell line Huh-7 was dissolved
in loading buffer (S0 mM ethylenediaminetetraacetic acid,
8 M urea, 20% formamide and xylene cyanol), loaded
onto a 2% agarose gel and then run for 1.5h at 120V
at room temperature. The biotin-labelled esiRNA
probes  (5-GTGGCACGCGCCTGTAGTCCCAGC-3



for esiRNA1 and 5-GAGGCAGGAGAATGGCGTGA
ACC-3" for esiRNA2, Genomics BioSci & Tech Co.,
Taipei, Taiwan) were used as the positive control for the
avidin-biotin reaction and the size control for esiRNAs.
The agarose gel was incubated sequentially in 0.05 M
NaOH/NacCl, 0.05M Tris/NaCl and 2x sodium citrate.
Then RNA was transferred to a nitrocellulose
membrane (Pall Corporation, East Hills, NY, USA)
followed by cross-linking with 254-nm ultraviolet radi-
ation. The membrane was hybridized with the biotinylated
esiRNAs overnight, and then membranes were washed
sequentially with 2x SSC/0.1% sodium dodecyl sulphate
(SDS), 1x SSC/0.1% SDS and 0.5x SSC/0.1% SDS at
42°C. The membrane was incubated with horseradish per-
oxidase-conjugated avidin (Biolegend, SanDiego, CA,
USA) and probe detected by chemiluminescence with the
WesternBright TM-ECL kit (Advansta, Menlo Park, CA,
USA).

Fluorescent in situ hybridization

Nocodazole and colchicine were added to cell lines before
fluorescent in situ hybridization FISH was performed.
Interphase and metaphase spreads were prepared for
FISH using standard methods (55). DNA probes (S1: G
TGGCACGCGCCTGTAGTCCCAGC, antisense of
esiRNAT; S2: GAGGCAGGAGAATGGCGTGAACC,
antisense of esiRNA2; scramble 1: GTGGCTCATGCC
TGTAATCCCAGCACTTTG:; and scramble 2: TTAAG
ACATACAAAGATCTGGCCAGGTGCG) were mixed
with hybridization buffer, centrifuged and heated to
73°C for Smin in a water bath. Slides were immersed in
70% formamide/2x standard saline citrate for 5min at
73°C, followed by dehydration, dried and hybridized
with probe mix in a 42°C incubator for 30 min. Slides
were then washed in 0.4x standard saline citrate/0.3%
NP-40 for 2 min, air dried in the dark and counterstained
with DAPI (4,6-diamidino-2-phenylindole) (1 pg/ml,
Abbott, IL, USA). Imaging was performed on a Nikon
E600 microscope with cytovision software.

Transduction of the pseudogene transcript in Huh-7 and
HepG?2 stable cell lines

TPG-expressing (and vector control) Huh-7/HepG2 stable
cell lines were established by G418 selection after trans-
fection with the yPPMIK-expression plasmid or blank
vector. Total RNA was isolated from cells and subjected
to RT-PCR analysis to amplify ¥PPMIK mRNA
(primers shown in Supplementary Table S2). The PCR
was performed with a denaturing step at 95°C for 2 min,
then 30 cycles of 30s at 95°C, I min at 60°C and 1 min at
72°C, followed by a final 7min at 72°C.

Cell proliferation assay

To investigate the proliferation of ¥PPMIK-expressing
Huh-7 stable cell lines, 2.5x 10 cells were plated in
each well of a 12-well plate. Cells were trypsinized and
counted with a haemocytometer every day until Day 4.
Each experiment was repeated twice in triplicate wells,
separately. Huh-7 TPG7 cells were transfected with
NEKS-overexpressing plasmid or empty vector using
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Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).
The NEKS-overexpressing plasmid, which contains the
human NEKS ORF without 3-UTR in the pCMVo6-
Entry vector, was obtained from Origene (Rockville,
MD, USA). Twenty-four hours after transfection,
2.5 x 10 cells were plated in each well of a 12-well plate.
Cells were trypsinized and counted with a haemo-
cytometer every day until Day 4.

Clonogenic activity

For determination of clonogenic activity, we plated 1000
cells of mock2, TPG1, TPG2 and TPG7 in 10ml of
growth medium in 100-mm dishes. Soft agar culture was
also performed by inoculating 500 cells/ml in 0.3% agar
growth medium over 0.5% agar growth medium in 6-well
culture dishes. The dishes were incubated under normoxic
19% O, and hypoxic 3% O, in 5% CO, incubators for 12
days and fixed/stained for counting colony formation. We
also took serial photographs of the same colonies at Day
5, Day 7 and Day 9 to visualize the 2D growth of mock2
and three transfected clones.

Transfection of synthetic siRNAT1 into Huh-7 cells

siRNA1 was chemically synthesized by Invitrogen
(Carlsbad, CA, USA). Oligonucleotides were annealed
before use in annealing buffer containing 100 mM potas-
sium acetate, 30mM HEPES-KOH (pH 7.4) and 2mM
magnesium acetate. Negative Control #1 siRNA was also
obtained from Invitrogen. Huh-7 cells in 6-cm culture
plates were transfected with 200 pmol siRNA using 10 pl
of Lipofectamine 2000 according to manufacturer’s
instructions.

Construction of the esiRNA1-deleted
wPPM ] K-expressing plasmid

To delete the esiRNAI sequence from PPMIK, the
overlap extension method of PCR-based mutagenesis
was used. First, two complementary mutagenic primers,
forward 5-CCTCAGCCTCCTGAGTACACCCCTGGC
TAATTTT-3" and reverse 5-AAAATTAGCCAGGGGT
GTACTCAGGAGGCTGAGG-3/, were synthesized.
Two PCRs using the mutagenic forward primer/outer
WwPPMIK reverse primer pair and the mutagenic reverse
primer/outer wPPMIK forward primer pair were per-
formed to amplify the right and left wPPMIK fragments,
respectively. The two fragments were then mixed and
further amplified using the outer Y PPMIK primers to
generate the esiRNAIl-deleted PPMIK fragment.
Finally, this fragment was inserted between the EcoRI
and Xbal sites of the pCl-neo vector to generate the
esiRNA1-deleted v PPM IK-expressing plasmid.

Mitochondrial activities

For indirect assay of mitochondrial membrane potential
and permeability transition pore activity (50),
overnight-plated monolayer cells on 100-mm dishes were
exposed to 0.5 g/ml or 1.0 g/ml of rhodamine 123 (Rh123)
in the growth medium (57). The kinetics of dye uptake
were determined by harvesting the cells after 10min,
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30min, 5Sh and 24h incubation in Rh123-containing
media. To determine Rh123 retention activity of cancer
cells (56-58), monolayer cells exposed to Rh123-
containing medium for 30min were rinsed 3x with
Hanks’ balanced salt solution to remove the dye and
replenished with fresh medium for further 18 h incubation
before harvest. Cells harvested by trypsinization were
washed 2x with cold phosphate-buffered saline and col-
lected by centrifugation at 300g at 4°C for 5min. With or
without further reaction with fluorescent monoclonal
antibody against cell surface markers, e.g. CDI133/
Prominin (BD Pharmingen), the doubly or triply labelled
washed cells were analysed in a fluorocytometer.

miRNA-mediated knockdown of PPMIK and wPPMIK

The stable negative control (siCon: YFAM-UUC UCC
GAA CGU GUC ACG UTT), has-miR-650 (miR-650:
57-AGG AGG CAG CGC UCU CAG GAC) and
has-miR-3174 (miR-3174: 5-UAG UGA GUU AGA
GAU GCA GAG CC-3) miRNAs were purchased from
GeneDireX Inc. (Las Vegas, NV, USA) and transfected
into cells by Lipofetamine™ RNAiMax (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s
protocol. The efficacy of mRNA knockdown after
miRNA transfection for 48h was determined by RT-
qPCR.

Statistical analysis

Student’s ¢-test was used for analysis of the cell assays.
Significance was accepted at P <0.05.

RESULTS
Overview of TPGs

To verify the hypothesis that human pseudogenes may
generate esiRNA to regulate protein-coding genes, we de-
veloped a computational pipeline (Figure 1). A total of
16 524 genes including 15003 pseudogenes and 1521 pro-
cessed transcripts were collected from BioMart and
integrated in the Ensembl Genome Browser, filtering by
gene type as ‘pseudogene’ or ‘pseudogene-related gene’.
The percentage of pseudogenes on each chromosome is
similar to that of protein-coding genes (Supplementary
Figure Sla). Of these pseudogenes, 1337 are detectable
by the Affymetrix Human Genome UI133A/U133Plus2
microarray, and they are thus considered to be TPGs.
Among them, 262 TPGs overlapped with its parental
gene for detecting the expression profiles are discarded.
Consequently, we determined the gene expression
profiles (GDS596) by log, average intensity of TPGs in
79 healthy human tissues. Hierarchical clustering showed
that most TPGs were highly expressed in 19 tissues, espe-
cially in blood-related cells where expression levels were
>4-fold higher than average (Supplementary Figure S1b).
Another assessment of gene expression in six different
tissues (GSES5364) showed that TPGs were often expressed
differently in tumour material compared with paired non-
tumour tissue (Supplementary Figure Slc). In particular,
most TPGs in HCC samples were underexpressed in

comparison with healthy tissue (GSE6222) (Sup-
plementary Figure S1d). Furthermore, serial computa-
tional analysis showed that 448 TPGs may generate
esiRNAs (Supplementary Table S3). One TPG identified
as a strong candidate for functional esiRNA formation,
wPPMIK, was the focus of further detailed studies.

YPPMIK and its cognate gene

PPMIK (NM_152542.3), located on chromosome 4q22.1,
produces a 3725-nt mRNA encoding a mitochondrial
matrix serine/threonine protein phosphatase shown to
regulate the membrane permeability transition pore
(MPTP) essential for cell survival and organ development
(59). Psecudogene PPMIK (yPPMIK) (Supplementary
File S1), 474bp in length, is partially retrotranscribed
from PPMIK and is also located on chromosome 4
(Figure 2a). Transcription of YwPPMIK is supported by
mRNA and EST evidence (Supplementary Figure S2),
and bases 155456 of the YyPPMIK transcript show
>79% similarity to the antisense-strand of PPMIK
(Figure 2b). Multiple alignments of the 5'- and 3’-ends of
WwPPM 1K DNA sequences in 44 vertebrate species revealed
a high degree of conservation among rhesus, mouse, dog
and elephant. The wPPM K sequence also contains SINE
and Alu repeat elements (Supplementary Figure S2).

Determination of wPPM]I1K-derived esiRNAs and their
candidate target genes

To predict wPPM IK-derived esiRNAs, we aligned the se-
quences of fsSRNAs with length 18-40nt, obtained from
fRNAGJD, to the Yy PPMIK sequence and found 76 positive
examples that also matched publicly available deep
sequencing data from various sRNA libraries. Positive
examples can be grouped into three blocks, indicating pre-
cursor esiRNAT1 as being located in the 24-144-nt region
(depicted green), precursor esiRNA2 in the 170-273-nt
region (depicted red) and precursor esiRNA3 in the 328—
455-nt region (depicted pink), respectively (Figure 3a).
The sequences of precursor esiRNAs are shown in
Figure 3b, and their respective mature esiRNAs are
given in colour. We were mostly interested in the
wPPMIK-unique esiRNAs, esiRNAIl and esiRNA2;
therefore, we did not study precursor esiRNA3 further,
as it is also present in the cognate gene PPMIK
(Figure 3c). Figure 3d shows that the precursor of
esiRNA1 (esiRNA1 depicted in green) folds into a
hairpin structure with a MFE value of —40.4 by Mfold
(38). Subsequently, we performed a genome-wide search
for esiRNAI-target interactions and obtained 57 candi-
date target genes with scores >200 (Supplementary
Table S4). These targets could be classified into functional
categories involving nucleotide binding, and transferase
and serine/threonine protein kinase enzyme activities
(Supplementary Figure S3a—c). Analyses of transcription
factor binding sites in these target genes revealed that they
shared motifs for RSRFC4, GFI1, NF1, GATAI and
ELK1 (Supplementary Figure S3d). As illustrated in
Figure 3e, the predicted ¥PPMK-specific esiRNAs are
expected to regulate cognate gene PPMIK and target
gene NEKS (never in mitosis A-related kinase 8) through
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Figure 2. Schematic representation of wPPMIK and its parental gene, PPMIK. (a) yPPMIK is located on chromosome 4 proximal to PPMIK.
(b) Alignment of Yy PPMIK and its cognate gene PPMIK indicates that wPPMIK is a reversed-transcribed partial antisense copy of its parental gene,

PPMIK, with >79% sequence homology in the 155-456-nt region.

association with multiple target sites. We also observed
that wPPMK-specific esiRNAs not only complemented
the 3-UTR but also the coding region of NEKS
(Supplementary Table S5). Additionally, gene expression
profiles (GSE6222) also revealed that Y PPMIK is
expressed at lower levels than NEKS and PPMIK in
HCC tissues and cells in comparison with healthy tissues
(Figure 3f).

Expression of PPM1K, precursors of PPM1K-derived
esiRNAs and NEKS8 in HCC patient samples

To compare the expression of PPMIK, yPPM I K-derived
esiRNAs and target gene, NEKS, in clinical samples, we
examined 41 HCC surgical specimens together with
matched non-tumour tissues by RT-qPCR. Figure 4a
shows that the HCC tumour tissues expressed significantly
lower levels of both PPMIK (0.76-fold; P = 0.001) and

precursors of WPPMIK-derived esiRNA1 (24-144nt;
0.59-fold; P =0.007) and esiRNA2 (170-273nt;
0.61-fold; P =0.007), than paired non-tumour tissues,
whereas expression of the target gene NEKS was
elevated (1.29-fold) in the tumour samples. These results
are consistent with those described earlier in the text
(Figure 3f).

Decreased cell growth and clonogenic activity in
wPPM]1K-transduced Huh-7 cells

RT—-gPCR analyses (Figure 4b) showed that PPMIK
mRNA levels are higher in Huh-7 than in HepG2 cells,
and that the expression of yPPMIK mRNA is higher
than that of PPMIK in both cell lines (n=7).
To examine the effect of overexpression of YPPMIK,
Huh-7 and HepG?2 cells were transfected with wPPM K-
harbouring recombinant plasmid vector, and four stable
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Figure 3. Candidate ¥ PPMIK-derived esiRNAs and their targets. (a) Location and read counts of transcribed ¥ PPMIK RNA from sRNA deep
sequencing data. The candidate precursor esiRNAs derived from the YPPMIK transcript are shown by green (24-144nt) and red rectangles
(170-273 nt) with read counts 4 and 32, respectively. The other putative esiRNA in the 328-455-nt region (pink rectangle) with 39 read counts
was excluded from further analysis, as it is located within the protein-coding gene region that shows a high degree of similarity between yPPMIK
and PPMIK. (b) Sequences of precursor esiRNAs, with esiRNAs shown in colour. (¢) The alignment of esiRNA3 mapping to PPMIK gene.
(d) Mfold was used to predict the hairpin structure of precursor esiRNA1 with MFE —40.4. The predicted mature esiRNA1 sequence is depicted in
green. (e) Matches of esiRNAI and esiRNA2 sequences with target gene NEKS and parental gene PPMIK. Canonical pairings, solid lines;
non-canonical pairings (G:U), dotted lines. (f) Expression profiles of wPPMIK, PPMIK and NEKS in HCC tissues/cells (GSE6222).

transfectant clones, TPG1, TPG2, TPG7 (for Huh-7) and
TPG (for HepG2) were isolated; a control clone trans-
fected with empty vector was also produced (Figure 5a).
Because of the effects of NEKS/NEK9 on cell cycle regu-
lation (60,61) and their relatively high expression in
human breast cancer (61), we examined cell growth behav-
iour of Y PPMIK-transfected versus control Huh-7 cells.
A cell proliferation assay showed that YPPMIK-
overexpressing cell lines have a slower proliferation rate
than the vector control cells (TPG7 cells: P = 0.036 for
Day 2, P =0.018 for Day 4; TPGI1 cells: P = 0.045 for
Day 4) (Figure 5b). Rates of colony expansion after
plating also indicated slower proliferation of the three
transfected Huh-7 TPG cell clones in comparison with
the control clone (Figure 5c). Furthermore, assessment
of colony formation in soft agar suspension cultures
under normoxic and hypoxic conditions (Figure 5d)
showed that the three stably transfected wPPM IK-ex-
pressing cell clones all consistently exhibited
less clonogenic activity than the vector control
(TPGlcells: P = 1.54E-06, TPG2 cells: P =0.0001 and
TPG7 cells: P=0.013 for normoxic conditions;

TPGlcells: P = 2.22E-05, TPG2 cells: P = 5.71E-05 and
TPG7 cells: P =0.0011 for hypoxic conditions). These
effects on cell proliferation suggest that wwPPMIK might
act as a tumour suppressor in Huh-7 cells.

Expression of NEKS8 in wPPM 1 K-transfected HCC cells

The in silico results indicated that PPMIK-derived
esiRNAs may regulate protein-coding genes, such as
NEKS, TBRGI and BMPR2 (Supplementary Table S4).
Respectively, NEKS encodes a member of the serine/
threonine protein kinase family related to NIMA of
Aspergillus  nidulans and is overexpressed in human
breast tumour (61); TBRGI acts as a growth inhibitor
that activates TP53 to cause G, arrest and collaborates
with CDKN2A to restrict proliferation, but it does not
require either protein to inhibit DNA synthesis (62,63);
whereas BMPR2 encodes a member of the bone morpho-
genic protein receptor family of transmembrane serine/
threonine kinases (64). To examine the effect of
overexpression of YwPPMIK in Huh-7 and HepG?2 stable
transfectant clones, the mRNA levels of NEKS, TBRGI
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and BMPR2 were determined by RT-qPCR. The results
showed that NEKS expression was reduced in all
wPPMIK-expressing HCC cell lines relative to the
vector control cells (P = 0.033 in TPG7 Huh-7 cells;
P =0.047 in TPG HepG2 cells) (Figure 6a and b). Thus,
YPPMIK downregulated NEKS in both Huh-7 and
HepG2 cell lines.

Expression of PPM]1K-derived esiRNAs

Before verifying downregulation of NEKS by wPPMIK-
derived esiRNAs, we first demonstrated esiRNA expres-
sion in the Huh-7 cell line and TPG-expressing cell clones
derived from it. The northern blots showed that both of
esiRNA1 and esiRNAs2 were expressed in Huh-7 cells,
and that the expression of esiRNAI is higher than that
of esiRNA2 (Figure 7a). Next, a TagMan MicroRNA
Assay (Applied Biosystems) was used to show that the
esiRNAT1 level in TPG7 cells was significantly higher
than that in the vector control cells (2-fold; P <0.05)
(Figure 7b). These results suggest that esiRNAI is ex-
pressed in Huh-7 cells, but is produced at higher levels
when Y PPMIK is overexpressed from a recombinant
plasmid.

FISH localization of wPPM1K-derived esiRNAs

FISH results showed that v PPMIK-derived esiRNA1 was
located in the cytoplasm of interphase cells (Sup-
plementary Figure S4, upper panels), and that esiRNA2
was mainly present the in nuclear area of both interphase
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Figure 5. Effect of overexpressed ¥wPPMIK on cell growth and clonogenic activity in transfected Huh-7 cell clones. (a) HCC line Huh-7 and HepG?2
cells were transfected with ¥ PPM 1K-expressing recombinant plasmid to isolate stably transfected cell clones (TPG1, TPG2 and TPG7 for Huh-7;
TPG for HepG2) by G418 selection, or with empty vector plasmid for G418-selected control mock?2 cells (Vector). Equivalent amounts of total RNA
from each cell clone were used for RT-PCR/gel electrophoresis analysis of wPPMIK and GAPDH mRNA. (b) All three ¥ PPM I K-expressing cell

(continued)
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reduced in the Yy PPMIK-expressing HepG2-TPG cell line relative to
the vector control cells (*P = 0.047).

and prometaphase cells (Supplementary Figure S4,
lower panels), suggesting that esiRNAI, like miRNAs,
regulates its targets in the cytoplasm, whereas esiRNA2
might not.

Expression of VEKS8 in Huh-7 cells transfected with
synthetic siRNA1

To verify the effect of YwPPMIK-dervied esiRNA1 on
NEKS expression, we transfected Huh-7 cells with syn-
thetic siRNAI1 identical in sequence to esiRNAI
(Figure 8a) and determined NEKS mRNA levels at 48 h.
NEKS mRNA levels were significantly lower in Huh-7
cells transfected with the synthetic siRNA1 than those
transfected with negative control siRNAs (P = 0.001),
implying that synthetic siRNA homologous to the
esiRNAT1 can directly downregulate NEKS gene expres-
sion in Huh-7 cell lines (Figure 8b).
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Figure 7. Expression of ¥ PPMIK-dervied esiRNAs. (a) wPPMIK-
dervied esiRNAs detection by northern blots. Total RNA from
human hepatoma cell Huh-7 was resolved by agarose electrophoresis
and then transferred to an NC membrane. The NC membrane was
hybridized with a biotinylated esiRNA probe overnight, washed and
incubated with horseradish peroxidase-conjugated avidin. Finally,
esiRNAs signals were detected by chemiluminescence. (b) Expression
of esiRNAI in the ywPPMIK-expressing Huh-7 stable cell line (TPG7)
and the control cell line (Vector). The esiRNAT levels were determined
using a TagMan MicroRNA Assay (Applied Biosystems) and were
significantly higher in TPG7 cells than in vector control cells
(*P <0.05).

NEKS expression and cell growth activation in
esiRNA1-deleted PPM]1K-overexpressing cells

To establish that NEKS is the major target of wPPMIK
through esiRNA1, we constructed an esiRNAI1-deletion
mutant Y PPMIK-expression plasmid to transfect
HepG?2 cells (named mTPG cells) and determined NEKS
expression levels. The results showed that NEKS was
downregulated in TPG HepG2 cells, but not in mTPG
cells (Figure 8c). Additionally, we also co-expressed
NEKS in yPPMIK-transfected cells and carried out the
cell proliferation assay used previously. This dem-
onstrated that NEKS can counteract the inhibitory
effects of wPPM 1K on HCC cell proliferation (Figure 8d).

wPPM]I1K-derived esiRNA1 downregulation of PPM1K

wPPMI1K-derived esiRNALI is also predicted to target
PPMIK (Figure 2d); therefore, we examined the

Figure 5. Continued

lines have a slower proliferation rate than the vector control cell line (TPG7 cells: P = 0.036 for Day 2, P = 0.018 for Day 4; TPG1 cells: P = 0.045
for Day 4). (¢) Serial photographs of the same colonies at Day 5, Day 7 and Day 9 showing the 2D growth of mock2, TPG1, TPG2 and TPG7
transfected Huh-7 clones on plastic culture dishes. (d) Clonogenic activity of mock2, TPG1, TPG2 and TPG7 was determined in soft-agar cultures
incubated under normoxic 19% O2 and hypoxic 3% O2 conditions in 5% CO2 incubators for 12 days. Numbers of colonies formed per 1000 cells
were counted for mock2, TPGI1, TPG2 and TPG7 cell clones. Decreased clonogenicity compared with the mock2 control was calculated for TPGI
(P = 1.54E-06), for TPG2 (P = 0.0001) and for TPG7 (P = 0.013) in normoxic conditions; for TPG1 (P = 2.22E-05), for TPG2 (P = 5.71E-05) and

for TPG7 (P = 0.0011) in hypoxic conditions. (*P <0.05).
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Figure 8. Expression of NEKS in Huh-7 cells transfected with synthetic siRNA1. (a) The sequence of synthetic siRNAI. (b) Huh-7 cells were
transfected with synthetic siRNA1 or with negative control siRNA (NC) for 48 h. Total RNA was isolated, and the NEK§ mRNA level was analysed
by RT-qPCR. NEKS8 was downregulated in the Huh-7 cells transfected with the synthetic siRNA1 relative to those transfected with negative control
siRNA (*P = 0.001), implying that synthetic siRNA homologous to esiRNA1 can directly downregulate NEKS gene expression in Huh-7 cells.
(¢) Expression of NEKS in an esiRNAIl-deletion mutant cell line. NEKS mRNA levels in the PPMIK-expressing HepG2 cell line (TPG), the
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Figure 9. Y PPMIK alters PPMIK expression and mitochondrial function. (a) ¥ PPMIK-derived esiRNA1 downregulates PPMIK expression.
PPMIK mRNA levels in the ¥ PPMIK-expressing HepG2 cell line (TPG), the esiRNAl-deleted yPPMIK-expressing cell line (mTPG) and the
vector control cell line (Vector) were analysed by RT-qPCR. The results showed that PPM 1K was downregulated in TPG cells (*P = 0.018 relative
to vector control cells), but not in mTPG cells. (b) Fluorescence-activated cell sorting analysis shows no significant differences of mitochondrial
Rh123 uptake by the four transfected Huh-7 clones. (*P <0.01). (¢) Release of Rh123 from mitochondria (0.5-18h) was significantly faster in
YwPPM1K-expressing Huh-7 cell line (TPG7) cells (84.59%) than Vector control cells (81.32%) (P = 0.031 for 0.5h; P = 1.3E-06 for 18h).
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expression of PPMIK in mTPG HepG2 cells. PPMIK
mRNA levels were significantly lower in TPG HepG2
cells than in control cells (P = 0.001), but the levels were
unaffected in mTPG HepG2 cells, implying that
WwPPMIK-derived esiRNA1 can directly downregulate
PPMIK expression (Figure 9a).

wPPMIK alters mitochondrial functions in
wPPMI1K-transduced Huh-7 cells

It has been shown that, following cellular uptake of Rh123
and specific accumulation of this fluorescent dye in
mitochondria, human cancer cells tend to retain signifi-
cantly more Rh123 than healthy cells (57,58). It is
thought that this difference in the uptake and retention
of Rh123 may reflect MPTP activity (56). As the phos-
phatase encoded by PPMIK/PP2Cm is located in the
mitochondrial matrix and regulates MPTP activity, the
effect of YwPPMIK overexpression is of interest. We
found that rates of Rh123 uptake were higher for TPG1
and TPG2, whereas remained approximately the same as
the control for TPG7 (Figure 9b and Supplementary
Figure S5). The mitochondrial Rh123 retention assay
showed significantly reduced Rh123 retention in TPG7
cells than in control vector cells (Figure 9c), suggesting
faster Rh123 release or relatively normalized MPTP sta-
bility in TPG?7 cells. However, no such change in Rh123
retention was observed in TPG1 or TPG2 cells in com-
parison with control cells.

miRNA regulation of wPPMIK and PPMIK

Considering the recently reported novel findings that
pseudogenes PTENPI and KRASIP can de-repress their
cognate genes by an miRNA decoy mechanism (15),
we took a similar approach to investigate MTI in
YPPMIK and PPMIK. The in silico results revealed
many miRNAs that potentially interact with multiple
possible target sites in both wPPMIK and PPMIK
(Supplementary Table S6). Furthermore, seed matches
for PPM1K-targeting miRNAs were perfectly conserved
in wPPMIK (Figure 10a). To verify this prediction, we
assessed the expression levels of PPMIK and vwPPMIK
in miRNA-transfected TPG7 Huh-7 cells and vector
control cells. The results showed that has-miR-3174
(miR-3174) downregulated PPMIK in both cell lines,
whereas YPPMIK was also downregulated in vector
control cells compared with a negative control sRNA
(siCon) (Figure 10b).

DISCUSSION

In this study, we developed and performed a systematic
bioinformatics pipeline for identifying TPG-derived
esiRNAs and their interacting gene targets in the human
genome. We selected wPPMIK to verify the in silico
analysis by experiment and obtained five major results.
First, we found that wPPMIK-derived esiRNAs were
expressed at higher levels in human liver tissue than in
paired HCC tumour samples (Figure 4a), and this is
reflected in publicly available gene expression profile
data (Figure 3f). Second, growth inhibitory effects were
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Figure 10. miRNA regulation of PPMIK and PPMIK. (a)
Alignments of miRNA sequences with PPMIK and vPPMIK. (b)
Expression of PPMIK and yPPMIK in miRNA-transfected TPG7
and mock cells. PPMIK is significantly downregulated in TPG7 and
mock cells, and Y PPMIK is downregulated in mock cells, relative to a
stable negative control (siCon) after miR-3174 transfection for 48h
(*P=<0.01).

observed in PPMIK-transfected cells (Figure 5), imp-
licating yPPM IK-derived esiRNAs in the control of cell
growth. This also demonstrates that esiRNAs can be
derived from pseudogene transcripts in human somatic
cells, thereby extending similar findings in mouse germ
cells (oocytes) (22,23). Third, at least two esiRNAs that
are expressed in liver tissue and in transfected HCC cells
are derived from distinct Y PPMIK sequences not present
in the cognate PPM K gene (Figures 3-5 and 7). Fourth,
we provided direct evidence that wPPMIK-derived
esiRNA1 downregulates target gene NEKS as well as the
parental PPMIK gene, and it inhibits cell growth through
downregulation of NEKS (Figures 8 and 9). Moreover, the
proliferation rate of yvPPMIK-transfected cells in which
NEKS was co-expressed was higher than control cells, sup-
porting the hypothesis that NEKS can counteract the in-
hibitory effects of wPPMIK on HCC cell proliferation
(Figure 8d). This is consistent with reports that NEK
family members regulate cell cycle progression (60), and
that NEKS/NEKY9 are overexpressed in human breast
cancer (60,61). Thus, in a broad sense, YPPMIK could
be considered a tumour-suppressor gene. Fifth, an
miRNA transfection assay showed that miR-3174 signifi-
cantly downregulated PPMIK in vector control cells and
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TPGT7 cells; it also downregulated wPPM I K in vector con-
trol cells compared with a stable negative control (siCon)
(Figure 10b). The miR-3174 downregulation of PPMIK
and YPPMIK, however, is distinct from the recently
elucidated decoy mechanism by which the tumour-sup-
pressor pseudogene, PTENPI, helps to regulate its
cognate tumour suppressor gene, PTEN (15).

This study indicates two probable pathways for the gen-
eration of wPPM1K-derived esiRNAs: one from dsRNAs
formed by the antisense transcript of YPPMIK and its
cognate gene sequence in the 420—449-nt region, which
gives rise to esiRNA3 (Figure 3c), and the other from a
hairpin structure resulting from inverted repeats in
wPPMIK, giving esiRNA1 (Figures 3b and 11).

PPM K, which encodes a mitochondrial matrix serine/
threonine protein phosphatase containing an N-terminal
mitochondrial localization signal and a central PP2C cata-
lytic domain, regulates the mitochondrial MPTP and is
essential for cellular survival and development (59). It is,
therefore, possible that, through the predicted dsRNA-
generated esiRNA, wPPM K may affect the pivotal regu-
latory function of its cognate PPMIK gene on MPTP
activity. Another report showed that human cancer cells
have an abnormally high uptake and retention of the
mitochondria-specific dye, Rh123 (57,58), and this is
thought to reflect MPTP activity (56). It is uncertain
whether PPMIK is associated with carcinogenesis and/
or oncogenesis, or how it may interact with its tumour-
suppressor pseudogene Yy PPMIK. Our findings indicating
that wPPMIK downregulates PPMIK by producing

esiRNAT1 (Figure 9a) and decreases uptake and retention
of Rh123, suggesting altered MPTP activity (Figure 9b),
may be significant in this regard.

In conclusion, we have shown that pseudogene-derived
esiRNAs can, independently of the cognate gene, regulate
cell growth-related target genes in HCC. Specifically, our
bioinformatics pipeline, and subsequent biological experi-
ments demonstrated that PPMIK-derived esiRNAI
modulates HCC cell proliferation via direct downregula-
tion of NEKS and may also regulate mitochondrial acti-
vation through decreased PPMIK cognate gene function
(Figure 11). This suggests a tumour-suppressor role for
the esiRNAs derived from PPMIK. To explore
whether other pseudogene-derived esiRNAs identified in
somatic human cells (65) also possess regulatory func-
tions, it will be of interest to perform similar experimental
tests on the 447 transcribed pseudogenes and their
esiRNA derivatives predicted from our in silico analyses.
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